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The Panola Mountain Research Watershed (PMRW) is a 41 ha (16.6 km
2
) 
forested watershed, located 25 km southeast of Atlanta, Georgia.   Within that watershed 
is a 10 ha (4.05 km
2
) sub-catchment, which contains the headwaters of the watershed’s 
main stream as well as two outcrops of Panola Granite (granodiorite composition) (Burns 
et al. 2001).  On the hill-slope below the northernmost outcrop, is a 20m long trench that 
has been excavated down to bedrock, a depth that ranges from 0.5-1.5m.  In previous 
studies (Burns et al., 2001; Freer, et al., 2002), discharge through the overlying soils was 
measured along the trench in 2m sections across the full length of the trench, by tipping-
bucket gages.  In those studies, it was assumed that the underlying bedrock was 
impermeable.  However, Burns et al. (2003) used Chlorofluorocarbon and tritium/helium-
3 dating techniques to show that the riparian groundwater downslope from the trenched 
hillslope site was only 6 to 7 years old, thus casting doubt on the previous assumption. 
The permeability of the Panola granite in question was proven by a recent Lithium- 
Bromide line tracer experiment that was performed 11 m above the trench Tromp-van 
Meerveld et al., in review).  Due to the levels of bromide in the bedrock measured at the 
trench, it has become apparent that fluid is being lost to hidden hydraulic pathways, those 
probably being fractures.  
The objective of this thesis is to test the viability of using shallow seismic 
reflection (SSR) to map out fracture zones at the trenched hillslope site, using GPR and 
shallow seismic refraction as supplemental techniques to verify the interpretation.   In this 
study, data from two seismic common shot point (CSP) surveys permitted an image of 
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the soil/bedrock interface to be constructed, as well as enabling an acoustic velocity 
profile to be calculated for the study area.  This velocity profile is then used with data 
from five reflection surveys (one seismic and four radar) to create vertical profiles of the 
shallow subsurface.   Although the resulting SSR profile is less than optimum, the 
maximum coherent energy is only 2 times greater than the noise, higher amplitude 
arrivals related to structure were still able to be detected.  From this profile, as well as 
those from the GPR survey, it can be concluded that the proposed hidden hydraulic 
pathways do indeed exist, and also that they can be accurately (0.2-0.4 m accuracy) 



















The hydrology of the Panola Mountain Research Watershed (PMRW) has been 
well studied over the past 10 years (Freer et al., 1997; Freer et al., 2002; Peters et al., 
2003). A complete list of publications has been maintained by the U. S. Geological 
Survey, Atlanta, Ga. office (please see 
http://ga.water.usgs.gov/projects/panola/ga103biblio.html).  One particular area that has been 
studied in depth is the hillslope below the northernmost rock outcrop.  There, a 20m long 
trench has been excavated down to bedrock.  In previous studies (Burns et al., 2001; 
Freer, et al., 2002), discharge through the overlying soils was measured along the trench 
in 2m sections across the full length of the trench by tipping-bucket gages.  In those 
studies, it was assumed that the underlying unweathered Panola Granite was virtually 
impermeable.  The basis for this assumption is that the measured hydraulic conductivity 
of Panola granite cores was 7*10
-6
 m/yr (White et al., 2001).  However, recent studies 
have shown that assumption to be incorrect. Burns et al. (2003) used Chlorofluorocarbon 
and tritium/helium-3 dating techniques to show that the riparian groundwater down slope 
from the trenched hillslope site was only 6 to 7 years old, thus casting doubt on the 
previous assumption.  The permeability of the underlying bedrock was determined during 
a 2002 Lithium- Bromide line tracer experiment (Figure1.1) that was performed 11 m 
above the trench, across the entire length (Tromp-van Meerveld et al., in review).  
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Because of the high levels of bromide in the bedrock at the trench, Tromp-van Meerveld 
et al. (in review) deduced that fluid is being lost to hydraulic pathways in the bedrock.  A 
map of fracture location and intensity below the soil layer could help to fully understand 
the hydrology of the PMRW, particularly the trenched hillslope site.  However to date, no 
studies have been done to image or locate these pathways.   
 
Figure 1.1 The Lithium-Bromide line tracer experiment.  The bromide in the bedrock is 
measured at the trench after the storm event on 3/29/02.  The sustained concentrations of 
Lithium-Bromide were interpreted by Tromp-van Meerveld et al. (in review) to show that 




In the study of shallow engineering and geophysical applications, there is a lack 
of controlled, nondestructive, high resolution mapping tools for mapping fracture zones 
(Ghose et al., 1998).  While the high resolution of GPR has made it a popular, 
noninvasive tool for shallow studies, it has depth limitations.  A common limitation 
occurs in soft, conductive soils, where GPR has a maximum penetration depth of only  
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2-3 m (Ghose et al., 1998).  In cases like this, or where other geophysical techniques, 
such as conventional seismic reflection/refraction or electrical methods, offer too poor a 
resolution, a different tool is needed.  The objective of this thesis is to test the viability of 
using shallow seismic reflection (SSR) to map out fracture zones at the trenched hillslope 
site.  Ground penetrating radar and shallow seismic refraction will be used as 
supplemental techniques to verify the interpretation of the SSR data. 
 
1.2 Site Characterization 





forested watershed, which is located 25 km southeast of Atlanta, Georgia (Figure 1.2).  
The PMRW is located in the Georgia Piedmont, a region characterized by highly folded 
and deformed mid to high grade metamorphic rocks such as schists and gneisses.  The 
Piedmont also contains intrusions of various granitic units, like the Panola Mountain 
granite and Lithonia Gneiss, in the vicinity of PMRW.   Panola Mountain may be 
considered a remnant of differential erosion, because the granites resist erosion much  
better than the amphibolite gneiss and other rock units with a higher content of feldspars.  
Elevation in the watershed ranges from 222 m in the valley to 279 m on top of the 
outcrops (Freer, 2002).  The soils consist mostly of sandy loams, Inceptisols of the Ashlar 
series Entisols of the Wake series, and Ultisols of the Gwinnett and Pacolet series; which 
are colluvial on the hill-slopes and alluvial in the valley (Zumbuhl, 1998).  The soils, 
which are overlain by a ≈ 0.15 m mangle of humus, are generally 0.5 m to 1.5 m thick 
and overlie saprolite, whose thickness ranges from 0 m on some of the hill-slope to 10 m 




Figure 1.2 The PMRW and the 4.05 km
2
 sub-catchment. The 20 × 48 m hillslope site and 
a cross-section of the trench have been enlarged.   (from Freer et al., 2002) 
 





catchment contained entirely within the PMRS.  This sub-catchment contains the 
headwaters of the watershed’s mainstream, as well as two outcrops of Panola Granite.   
The Panola Granite, which is described by Burns et al. (2001) and White et al. (2002) as a 
biotite-muscovite-oligoclase-quartz-mircrocline granodiorite, was intruded into the 
Clairmont Formation approximately 290-360 MY ago.  
On the hillslope below the northernmost outcrop is a 20m long trench that has 
been excavated down to bedrock (Figure 1.2). This portion of the hillslope was the 
chosen for this study for two reasons.  First, it was chosen because numerous other 
studies (Burns et al., 2003; Freer et al., 2002; Tromp-van Meerveld et al., in review; 
Zumbuhl, 1998) have been conducted at this location, and consequently there is extensive 
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information describing this study area.  Second, as mentioned by Burns et al. (2003), 
there is no saprolite in this study area above the trench.  The lack of saprolite simplifies 
the study by allowing for a two-layer model.   The high velocity contrast between the 
overburden and rock should provide reflections to be observed from the bedrock, as well 
as allowing the fractures zones to be imaged. 
 
1.3 Techniques Used 
 The purpose of this thesis was to study the viability of using shallow seismic 
reflection (SSR) to map out fracture zones at the trenched hill-slope site within the 
PMRW.  Although the principal technique used was SSR, three supplemental techniques 
were used as well to help assess its viability: ground penetrating radar (GPR), shallow 
seismic refraction, and two knocking pole surveys.  This section discusses the fore 
mentioned techniques, beginning with SSR and ending with the knocking pole surveys.  
  
1.3.1 Shallow Seismic Reflection (SSR) 
Faults, fracture zones, and other hydraulic pathways have been mapped and 
studied using seismic reflection for many years, but typically these studies were reserved 
for deeper targets. This was partly due to the cost and size of instruments, the non-
uniformity of near-surface materials, and partly because of the economic incentive for 
using reflection seismology to located deep structures in the search for oil (Pakiser and 
Mabey, 1954).  In 1954, L.C. Pakiser and D. R. Mabey of the United States Geological 
Survey, were the first to publish an example of finding a seismic reflector shallower than 
50 m (Steeples, 1998).  Due to the high cost of surveys, the application of seismic 
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techniques to shallow or near-surface targets was mostly abandoned, until it reemerged in 
the 1970’s and 1980’s.  Since then, seismic equipment and techniques have vastly 
improved, as well as becoming more cost efficient.  Recently, an interest in techniques to 
study the near surface has grown, with increased attention to environmental hazards and 
pollution in near-surface soils.  However, despite this renewed interest, the seismic 
reflection methods have had limited utilization in the shallow near-surface soils.  Among 
the reasons for this, are the high attenuation properties of the soils, the significant 
heterogeneity of the near surface, and competing simpler techniques such as ground 
penetrating radar (GPR) or direct sampling techniques.  None-the-less, a few attempts at 
shallow reflection interpretation have been performed at the University of Kansas 
Geology Department.  In recent studies (Baker et al., 2001; Baker et al., 1999; Steeples 
and Miller, 1998) reflectors have been imaged as shallow as 1-2 m with vertical 
resolutions of 0.1-0.15 m, thus approaching the current resolution of ground penetrating 
radar (GPR) for similar depths.  It should be noted though, that these studies are the 
exception.   
The shallow seismic reflection survey for this study was conducted using an in-
house seismic recording system.  This system consists of a 16 bit-A/D converter with 16 
channels that was connected to a field laptop computer.  The detectors for this survey 
consisted of 16, 100 Hz geophones.  The seismic data were recorded at a sampling 
frequency of 6.25 kHz and a record length of 640 ms.   
 
1.3.2 Ground Penetrating Radar (GPR) 
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GPR was first developed in the late 1950’s to study ice thicknesses and 
permafrost, but it wasn’t until the 1970’s and 1980’s that it became a popular tool for 
obtaining high resolution images of the shallow subsurface, largely due once again to the 
tremendous progress in technology (Conyers, 1997; Cook, 1995).  Currently, high 
frequency antennas can obtain sub-centimeter resolution, but with a greatly reduced depth 
of penetration.  Due to its potential for high resolution imaging, as well as the ease of 
surveying, GPR has been used in numerous applications: determining thicknesses of 
stratagraphic layers, detecting underground voids, mapping contamination plumes, and 
even measuring fluid saturation in soils (Parasnis, 1997).  The application that makes it 
valuable to this study is its ability to detect faults and fractures (Demanet et al., 2001; 
Rashed and Nakagawa, 2004; Stevens et al., 1995; Toshioka et al., 1995).  However, 
because GPR is often limited in its penetration depth, it is frequently used with other 
geophysical methods, commonly other electrical methods or seismic methods.  In this 
study, GPR is used to validate the seismic methods, in an attempt to assess the 
capabilities of seismic reflection to map out hydraulic pathways at the Panola Mountain 
Research Watershed (PMRW).  
Within the last ten years, GPR has begun to be used in conjunction with shallow 
seismic methods to study the shallow subsurface.  Baker et al. (2001) used GPR to map 
out three stratagraphic layers within the upper two meters.  Cardimona et al. (1998) used 
GPR and SSR to image a shallow aquifer.  Most important to this study though, is the 
recent use of these two geophysical methods to map out faults and fractures.  Chow et al. 
(2001), Rashed and Nakagawa (2004), Demanet et al. (2001), and Bano et al. (2002), 
have successfully used GPR and seismic reflection to study dip-slip faults.  Similarly, 
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Derobert and Abraham (2000) used the two methods to locate fractures in a gypsum 
quarry.   
GPR and shallow seismic methods compliment each other for several reasons.  
The first reason is their differences in depth penetration.  Because GPR is normally 
limited to imaging the upper 10 m of the earth, seismic reflection and refraction can be 
used to image the desired structure at greater depth (Baker et al., 2001).  The second 
reason these two can be incorporated with such success, is the similarity of the two 
techniques.  A GPR survey is essentially the electromagnetic equivalent of a standard 
seismic reflection survey (Cook, 1995).  Hence, similar processing techniques and codes 
can be used to process both sets of data.  Another benefit to using GPR and SSR together 
is an increased understanding of the physical properties of the subsurface (Baker, 2001).  
Reflections seen by seismic surveys arise from differences in acoustic impedance (which 
is directly related to density and the elastic parameters) between different media, so 
seismic reflections are more sensitive to the rock matrix (Liu, 1997) than radar waves.  In 
contrast, reflections seen in radar surveys are due to differences in the electromagnetic 
properties of the media, such as the dielectric permittivity, magnetic permeability, and 
electrical conductivity (Baker et al., 2001).  
The ground penetrating radar used for this study was a Mala Ramac system.  The 
reflection surveys were conducted with a shielded 250 MHz towable antenna and the 
corresponding survey wheel.  The transmitter-receiver spacing within the antenna 
housing was 0.36m and the trace interval was held constant at 10 cm.  The sampling 
frequency for this antenna was 2574 MHz, giving 360 samples per trace.  Each final trace 
consisted of two stacked measurements.   
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1.3.3 Shallow Seismic Refraction 
 Of the two seismic techniques used in this study, seismic refraction is the oldest. 
By 1912, Gutenberg had used refraction techniques to discover the earth’s core, as well 
as to calculate its depth (Dobrin, 1976). In the 1920’s, the seismic refraction technique 
was used to locate salt domes, and in turn, oil (Musgrave, 1967).  Of the two techniques, 
it is also the more widely used, being more economically efficient than reflection 
seismology (Dobrin, 1976).   Typically, it is used as a preliminary method, to determine 
the velocity structure of the subsurface, as well as mapping different refracting layers.   
The seismic refraction survey conducted for this study used a Geometrix 
SmartSeis S12 seismograph.  This seismograph consisted of an A-T compatible computer 
with an 80386SX microprocessor, a printer, a 16 bit-A/D converter, and a display screen.  
The geophones used consisted of 12, 40 Hz Geometrix geophones.  The seismic records 
taken were 96 ms in length and had a sampling frequency of 16.1 kHz. 
 
1.3.4  Knocking Pole Surveys 
  A knocking pole survey consists of pounding a metal rod into the ground until 
refusal.   Because it is has been determined from previous studies (Burns et al., 2003) that 
there is no saprolite in this area, then the distance the rod travels in the soil is the 
measured depth to bedrock, or possibly an isolated unweathered rock above bedrock.   
Two knocking pole surveys were used in this study to validate the depth to bedrock. 
Zumbuhl (1998) performed a knocking pole survey with a spacing of two meters on the 
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hill slope upslope from the trench (Figures 1.3-1.6, Table 1.1) to determine the depth to 
bedrock.   
 
 
Figure 1.3 A compilation depth to bedrock image of the study site. This figure was 
produced by the DTA performed on the data from the 1998 Zumbuhl knocking pole 
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Zumbuhl's 1998 Survey,18 m
Upslope
Radar of Transect 1, 17 m
Upslope
 
Figure 1.4 Depth to bedrock along Transect 1. The actual Transect 1 is 17 m upslope 
from the trench.  The results of Zumbuhl’s knocking pole survey 18 m upslope are given 





















Radar of Transect 2, 11.4 m Upslope
2005 Survey of Transect 2, 11.4 m Upslope
Zumbuhl's 1998 Survey, 12 m Upslope
2005 Survey, 12 m Upslope
 
Figure 1.5   Depth to bedrock along Transect 2.  The squares and triangles are the 
knocking pole results. The actual Transect 2 was 11.4 m upslope.  The 12 m values are 
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) Zumbuhl's 1998 Survey, 4 m Upslope
 2005 Survey, 4 m Upslope
2005 Survey of Transect 3, 3m Upslope
Radar of Transect 3, 3 m Upslope
Figure 1.6   Depth to bedrock along Transect 3.  The radar and seismic data were taken 
along Transect 3, which was 3 m upslope, whereas the Zumbuhl (1998) survey was 4 m 






Table 1.1:  Zumbuhl’s 1998 Knocking Pole Survey.   The knocking pole survey 
conducted by Zumbuhl (1998). Note:  the 0 m upslope is the trench wall.  Also, 
for consistency with this study, the notation of the original data was altered, so the 
0 m across slope points were labeled as 20 m in Zumbuhl’s study.  The actual 




X -Value (Across Slope) (m) 
Y-Value 
(Upslope) 
(m) 0 2 4 6 8 10 12 14 16 18 20 
0 0.08 0.05 0.43 1.22 1.32 1.05 0.96 0.86 0.84 1.1 0.97 
2 0.1 0.45 0.49 0.5 0.7 0.75 0.97 0.99 1 0.89 0.82 
4 0.58 0.69 0.89 0.81 0.24 0.55 0.62 0.6 0.8 0.69 0.41 
6 0.2 0.62 0.85 1 0.9 0.74 0.41 0.47 0.89 0.62 0.57 
8 0.54 0.77 0.62 0.58 0.68 0.68 0.28 0.2 0.08 0.32 0.5 
10 1.17 0.89 0.66 0.56 0.63 0.57 0.47 0.49 0.55 0.63 1.21 
12 1.09 1 0.67 0.95 0.41 0.15 0.05 0.5 0.43 0.8 0.7 
14 1.23 0.98 0.9 0.89 1.26 0.89 0.33 0.3 0.61 0.77 0.62 
16 1.37 0.99 0.96 0.82 0.86 0.92 1 1.29 0.99 1 0.51 
18 1.72 1.2 1.06 0.9 0.78 0.91 1.39 0.93 1.4 1.02 0.95 
20 0.88 1.83 1.73 1.27 1.13 0.95 0.98 1.08 0.58 1.03 1.28 
22 1.86 1.81 1.48 1.23 0.97 0.86 0.61 0.69 0.83 0.46 0.44 
24 1.48 0.82 1.48 1.27 1.08 0.76 0.53 0.32 0.46 0.58 0.7 
26 0 0 0.84 1.11 1.12 0.69 0.39 0.5 0.32 0.4 0.46 
28 0 0.03 0.55 1.02 0.95 0.4 0.33 0.32 0.55 0.34 0.34 
30 0.22 0.34 0.46 0.81 0.86 1.04 0.73 0.2 0.48 0.33 0.36 
32 0.39 0.81 0.08 0.84 1.07 0.63 0.17 0.13 0.46 0.6 0.5 
34 0.24 0.45 0.4 0.67 0.87 0.29 0.05 0.17 0.4 0.68 0.58 
36 0.6 0.24 0.48 0.58 0.77 0.41 0.01 0.11 0.53 0.68 0.69 
38 0.57 0.65 1.07 0.65 0.78 0.49 0.18 0.27 0.7 0.59 0.57 
40 0.79 1.06 0.62 0.46 0.44 0.31 0.01 0.27 0.67 0.67 0.74 
42 0.76 0.9 0.43 0.46 0.77 0.31 0 0.05 0.7 0.77 0.75 
44 0.53 0.77 0.26 0.03 0 0.5 0.54 0.82 0.83 0.64 0.25 















Table 1.2:  Knocking Pole Survey Conducted for This Study.  Here are the depths 
found in the knocking pole survey conducted for this study. 
 
 
Profile 2 Profile 3 
 
 
Line Position Depth 
 
 
Line Position Depth 








7 -0.29 -0.35 5 -0.6 -0.79 
7.5 -0.23 -0.2 6 -0.56 -0.74 
8 -0.15 -0.18 7 -0.64 -0.8 
8.5 -0.12 -0.15 8 -0.4 -0.56 
9 -0.1 -0.12 9 -0.49  
9.5 -0.05 -0.07 10 -0.67 -0.57 
10 -0.04 -0.08 11 -0.72  
10.5 -0.02 -0.05 12 -0.75 -0.68 
11 -0.76 -0.05 14 -0.71 -0.71 
11.5 -0.78 -0.02 16 -1.18 -0.96 
12 -0.82 -0.01    
13 -0.87 -0.59    
14 -0.84 -0.44    
15 -0.86 -0.48    
 
A knocking pole survey (Figures 1.5 and 1.6, Table 1.2) was performed along Transects 2 
and 3 during this study, for two reasons.  First, the transects chosen for this study were 
between points in the Zumbuhl study.  Second, the soil deposition and erosion could have 
measurably changed the thickness of overburden.  However, the differences between the 
two were subtle, the mean being only 11 cm.  These two surveys were used as ground 
truth for bedrock depths throughout this study. 
 The terrain that made up the study site had an average gradient of 25°.  For this 
reason, transect locations were chosen for areas that had minimal topographic changes 
along the length of the profile, and areas that had minimal tree and underbrush 
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obstructions (Figure 1.7). The following section will go into detail about the governing 
theory of the three primary techniques used, and well as discuss the actual process used.  
 












Theory and Procedure 
2.1 Theory  
 This section presents the theory of the three primary methods used in this study, 
beginning with SSR, following then by GPR, and ending with shallow seismic refraction. 
The next section will discuss the procedure of the surveys conducted for each technique. 
 
2.1.1 Shallow Seismic Reflection (SSR) 
In the seismic reflection technique, seismic waves are generated at the surface, 
usually by an impulsive source.  The seismic waves travel through an elastic medium 
until they come to a portion of the media with a contrast in acoustic impedance (Z).  The 
acoustic impedance is the product of the density ( ρ ) and the seismic velocity.   Part of 
the wave that strikes the change in acoustic impedance is reflected or scattered.  Those 
waves scattered back to the surface can be detected by an array of receivers called 
geophones.   Seismic waves exist as body waves and surface waves.  The body waves of 
interest in most reflection surveys are the higher frequency P-waves. The surface waves 
generated by a surface source are dominated by lower frequencies and hence the surface 
waves are usually removed by low-cut filtering.  The necessity of the filtering process 
will be discussed at the end of this section. 
 The equations of motion for a homogeneous, isotropic, elastic medium predict 
the existence of two wave equations: one for a P-waves and one for an S-waves.  The 
wave equation for a P-wave potential, Φ, which is similar to the EM wave equation, is 
given by Equation 2.1 
 16 
0/)/1( 2222 =∂Φ∂−Φ∇ tα          (2.1) 
where α is the P-wave velocity.   The wave equation governs the movement of the wave 
through an elastic material.  The P-wave velocity of waves in an elastic material is 
dependent on the density and the elastic properties of that material.  It is given as
 ρµλα /2+=                (2.2) 
where λ is known as Lame’s constant, µ is the sheer modulus, and ρ is the density (Lay 
and Wallace, 1995). 
When a wave hits the interface between two media, it can do one of three things:  
reflect, refract, or diffract.  The analysis of seismic travel times for a wave is facilitated 
by using the high frequency approximation.  The wave ray is the direction of propagation 
of a wave and its direction is governed by Snell’s Law (Parasnis, 1997).  Snell’s law is 
written as follows: 
sin θi/ v1 = sin θrl/ v1 = sin θrf/ v2                   (2.3) 
where θi is the angle of incidence, θrl is the angle of reflection, θrf is the angle of 
refraction, v1 is the velocity of the wave in medium 1, and v2 is the velocity of the wave in 
medium 2  (Figure 2.1).  For a perfectly planar surface, θi = θrl.  In this section, only the 
reflected and diffracted waves will be discussed.   
 When the acoustic wave comes to a boundary that has a difference in acoustic 
impedance, part of the wave can be reflected back towards the surface.  The amount of 
energy reflected, is dependant on the difference in acoustic impedance between the two 
media, as is shown in Equation 2.4 
)/()( 1212 ZZZZR +−=            (2.4) 
 17 
where R is the reflection coefficient of normal incidence, Z1 is the acoustic impedance of 
medium 1, and  Z2 is the acoustic impedance of medium 2 (Gueguen and Palciauskas, 
1994).  This equation is very similar to that of the reflection coefficient in GPR surveys.  
Likewise, the reflection equations that relate travel time to depth and lateral position are 
the same for GPR surveys.   The time for a wave to travel down and back from a 
reflecting layer can be written as 
 2/1222 )/( vxtt o +=  = 
2/122 })2/({/2 xzv +          (2.5) 
where ,/2 vzto =  is the direct travel time to the reflector and back (Parasnis, 1997).   
 
 
Figure 2.1   A visual of Snell’s Law.  Here the incident wave strikes the medium1 and 
medium2 interface, where part of the incident energy is reflected, and part is refracted.  In 




Using Equation 2.5, one can then solve for the depth (z). 
2/1222 )(2/1 xtvz −=             (2.6) 
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 As the source-receiver offset is increased, the reflected arrival is delayed, and eventually 
with distance, it asymptotically approaches the direct arrival. This increase in arrival time 
with increased distance from the shot is called “move out.” In seismic reflection 
processing, reflected waves can be enhanced by summing waves that have reflected from 
the same point.  Generally, they are from shot points and geophone pairs that are at 
different separations.  This is known as common mid point (CMP) stacking.  Hence, in 
order to add coherent waves, the arrival times of the reflected waves from a flat surface 
need to be corrected for moveout.  The moveout time correction (∆t) is ∆t  = t-to, which 
applied to Equation 2.5 is 
 oo tvxtt −+=∆
2/1222 )/(             (2.7)  
where v here is the move-out velocity. The normal moveout (NMO) correction is applied 
by subtracting the NMO ∆t from the travel time of the reflection, making it correspond to 
the vertical two-way time at a point half way between the source and the detector.  The 
main difficulty in this correction lies in choosing the correct move-out velocity.  If there 
are enough points on the reflection hyperbola, then t
2
 can be plotted against x
2
, the slope 
of which is 1/v
2
.  If there still are not enough points, then by a process of trial and error, 
the velocity is obtained that gives the best result.  This process works for reflectors that 
have small dips and are almost horizontal.  However, for a steeply dipping reflector or a 
point reflector, a migration routine must be run to obtain the correct image.  
 While the primary objectives in a reflection survey are the reflected waves, the 
diffracted waves must be addressed as well. Waves are diffracted at discontinuities in the 
medium that are smaller than the wavelength of the wave that intersects them.  The travel 
time of a wave diffracted off of a small inhomogeneity (or the edge of a reflector) is  
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 vzxvztd /)()/(
2/122 ++=          (2.8) 
where the first term is the travel time down to the point of diffraction, and the second 
term is the travel time from that point to the detector (Parasnis, 1997).   Thus, to correct 
for diffraction moveout, the direct travel time ( ,/2 vzto = ) would be subtracted from 
Equation 2.8. 
 While the design of the data acquisition is the same for SSR surveys as deeper 
ones, the importance of certain aspects of the physics differs significantly between the 
two (Steeples, 1998).  Although much smaller offset must be used to obtain the necessary 
resolution desired in shallow surveys, they are not simply a scale down from deeper 
crustal studies.  For example, high frequency sources and geophones are critical to 
shallow surveys because shallow small reflectors require much higher dominant 
frequencies (usually several hundred Hz) than deeper reflectors in order to resolve layers.  
While the higher frequencies needed to resolve thin shallow layers makes shallow 
reflections easy to filter out from the lower frequency surface waves, it also makes them 
difficult to distinguish between direct and refracted waves.  This is not a problem with 
reflections from deeper interfaces, whose lower frequencies can be easily contaminated 
by the surface waves (Steeples and Miller, 1998).  Another problem that occurs in 
shallow surveys alone is due to the airwaves.  Most seismic sources generate air-blast 
noise, be it from explosions or simply a falling sledgehammer.  When this noise couples 
to the ground, or to the geophones, it is called an airwave (Steeples and Miller, 1998).  
While this problem is not important in deeper studies, it can be quite daunting to a 
shallow study.  Because airwaves usually have a dominant frequency above 100 Hz, 
filtering them can be a problem.  Whenever these waves can be distinguished from other 
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waves, it is best to surgically mute them.  All these issues, along with the high attenuation 
properties of the soils and the often-significant lateral heterogeneity of the near surface, 
make shallow seismic studies a difficult task. 
 
2.1.2  Ground Penetrating Radar (GPR) 
   A GPR is a geophysical tool that transmits high frequency radio pulses (chirps) 
into the ground and measures the time between transmission and reception of pulses 
reflected back to the instrument (Conyers, 1997).  If the velocity of the electromagnetic 
(EM) wave is known for the given media, it is possible to translate the travel times of 
reflected waves into the corresponding depths to the reflecting boundaries, thus giving an 
“image” of the subsurface.  If the velocity is not known for the given media, it can be 
obtained by plotting travel time versus receiver offset and taking the inverse of the slope. 
These are the same principals that are used in seismic reflection and refraction studies, 
except the pulses used here are EM waves, whereas seismic pulses consist of acoustic 
waves.  
Where seismic reflections are caused by changes in seismic velocities between 
two media, radar reflections are caused by discontinuities in the electrical properties (that 
is the conductivity and permittivity) of the medium in which the EM wave is traveling 
(Parasnis, 1997).  These discontinuities are usually due to one of two things: changes in 
the concentration (or conductivity) of pore fluid or lithologic changes (Conyers, 1997).  
The electromagnetic field is very sensitive to the fluid contents in the pore space (Liu, 
1997).  An increase in the fluid content in a medium increases the conductivity, which in 
turn results in greater signal losses, and poorer depth penetration.   Maxwell’s equations 
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can be manipulated  to give an equation for propagation of electromagnetic waves.  The  
equation for an electric field in a dielectric medium is 
222 // tEtEE oo ∂∂+∂∂=∇ εµσµ        (2.9) 
where E is the electric field, oµ  is the magnetic permeability of free space, σ is the 
conductivity, and ε is the electric permittivity of the material (Gueguen and Palciauskas, 
1994).  The conductivity (σ) and electric permittivity (ε) are responsible for radar 
reflections. The electric permittivity for a given medium can be written as 
  )( 0Kεε =                 (2.10) 
where oε  is the permittivity of free space, and K  is known as the dielectric constant.  
The dielectric constant controls the speed of an EM wave in a particular medium, as is 
shown in the following equation: 
fncKcv λ=== //          (2.11) 
where v  is the velocity of the wave in the dielectric material, c is the speed of 
electromagnetic radiation in a vacuum (=2.998 x 10
8
m/s), n is the index of refraction, 
which is simply equal to the square root of the dielectric constant, λ is the wavelength, 
and f  is the frequency.  As fore mentioned, the pore fluid plays a large role in the 
performance of a GPR, by affecting the conductivity of the medium.  As the wave travels 
down through the ground, it is attenuated.  In order to understand this better, it is 
necessary to split the dielectric constant (which can easily be switched out with the index 
of refraction) into a real and imaginary part: 
 ir iKKK +=                       (2.12) 
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where r means real and i means imaginary.   Once that is done, the ratio of Ki and Kr are 
taken to create a loss tangent: 
 ri KK /tan =δ  = σ/ωε                     (2.13) 
where σ is the conductivity, ω is the angular frequency )2( fπ= , and ε is the electric 
permittivity.  Using the loss tangent, the penetration depth L can be written as: 
 irr KKKL πλδπλ 2/tan2/ ==                    (2.14) 
Thus, one can see that the penetration depth of the GPR is a function of both wavelength 
(which is related to frequency), and the components of the dielectric constant (Elachi, 
1987).   
 Once the radio wave is in the ground, it will eventually come to some reflecting 
material where a portion of the incident energy will be reflected back towards the surface.  
This reflected portion, also known as the reflection coefficient (R) or reflectivity, is 
related to the difference in dielectric constant between the two materials.  For normal 
incidence by the following equation: 
 )/()( 2121 KKKKR +−=                    (2.15) 
It is quite clear then, that the amount of energy reflected increases as the difference 
between dielectric constants increases (Conyers, 1997).   
There are two types of GPR profiling, stationary or continuous.  During stationary 
profiling, a transmitter and a receiver are offset by a set distance, the measurement is 
taken, and then everything is moved to the next station.  Bi-static antennas are used in 
this type of survey.  The second type is continuous profiling.  This was the style used for 
this study.  During this type of profiling, both antennas are in one housing, which is 
dragged along a transect.  If u is the dragging speed, the spacing between scans is 
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 s = ufsτw/fr            (2.16) 
where fs is the sampling frequency, τw is the time window, and fr is the repetition 
frequency (Parasnis, 1997).  The scan spacing (also known as the trace spacing) for this 
study, was 10 cm.  Once the radar profile has been obtained, the travel times to the 
reflectors need to be converted into depths. This can be done using Equations 2.5 and 2.6 
from the seismic section.  Another feature of radar profiles that is similar to seismic 
profiles, are the diffraction hyperbolas.  These occur from inhomogeneities within the 
medium that are the same size or smaller than the dominant wavelength of the antenna 
being used.  The hyperbolas can be reduced down to a single point, located at the apex by 
applying a migration routine.   
  
2.1.3 Shallow Seismic Refraction 
 Seismic refraction is similar to seismic reflection in that it also uses elastic waves 
to map out the different stratagraphic layers in the subsurface.  However, it is the mode of 
wave propagation that differentiates this technique from seismic reflection surveys.  In 
reflection seismology, the geophysicist looks for waves that have been directly reflected 
from a contrasting medium, but in seismic refraction studies, one must look for the 
incoming waves that have traveled directly through the differing media (Figure 2.2).  In 
this study the geologic scenario was a single layer of soil overlying Panola granite.  
Whereas in the reflection survey, the reflected waves bounced directly off of the 
soil/bedrock interface, the refracted waves travel down through the soil, through the  
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Figure 2.2   A typical time-distance graph.  It is easily seen that once the offset reaches 
the critical point, the refracted wave arrives before the direct wave (from of Parasnis, 
1997). 
 
bedrock, and back up through the soil ( Figure 2.2).  Waves are reflected off and refracted 
through the interface until the angle of incidence reaches the critical angle (θc), after 
which, the incident waves are critically refracted through the higher velocity medium.  At 
the critical angle of incidence, the angle of refraction (θrf) is equal to 90 degrees, if the 
velocity in medium 2 (v2) is greater than the velocity in medium 1 (v2).  From Snell’s 
Law (Equation 2.3), one can see how the critical angle is related to the velocities of the 
two layers.   
 sin θc/ v1  = sin θrf/ v2 = 1/ v2  → θc = sin
-1
(v1 / v2 )            (2.16) 
 
The travel time for the refracted wave is 
 t = (1/v2) x + (2z1 cos θc / v1)         (2.17) 
where z1 is the depth to medium 2 for a given lateral position (Parasnis, 1997).  In 
Equation 2.17, that the slope for the line representing the refracted wave on a time-
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distance graph (Figure 2.2) is (1/v2), and the intercept of that line with the x = 0 axis is 
the delay time, given by the second part. The intercept is known as the delay time (δt1) 
for the upper layer, which is medium 1.  The lateral position where the refracted waves 
arrive first is known as the crossover distance or break point (xc ).  Now, xc is the point on 
the time-distance graph where the travel time line for the direct wave and the refracted 
wave intersect, then by equating the direct wave with Equation 2. 17, it is apparent that  
 xc = 2z1[(v2 - v1)/( v2 - v1)]
/12
         (2.18) 
If the crossover point is clearly visible on the time-distance graph, and if the velocities for 
both of the media are known, then Equation 2.18 can be solved for z1 at that point.   
Another way of calculating the depth to bedrock is by using the Delay Time 
Method (Bohidar and Hermance, 2002; Dobrin, 1976).  This method finds the delay time 
under a given receiver point, then uses that time to solve for the depth under that point.  
Figure 2.3 shows two shots in opposite directions (A and C), the refracted arrivals of both 
being seen by receiver B.  From before, we know that the delay time is δtb = 2zb cos θc / 
v1, but it can also be written as a function of travel times 
 δtb = (tab + tcb – treciprocal)/2         (2.19) 
where tab is the travel time from shot A to receiver B, tcb  is the travel time from shot C to 
receiver B, and treciprocal is the travel time from point A to point C, and vice versa.  Then, 
once ∆tb has been determined, from its own definition, the depth under point B can be 
determined 
 δtb = 2zb cos θc / v1   →  zb = δtbv1 /2 cosθc      (2.20) 
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Figure 2.3   A visual of the Delay Time Method. It is used to determine depths down to a 
refractor (from Parasnis, 1997). 
 
This technique is very useful for imaging a refractor, but it does have certain stipulations.  
First, it is assumed that the refractor is not necessarily horizontal, but locally planar 
beneath each receiver point.  Second, it is assumed that distances measured at the surface 
are approximately the same as distances on the refractor, that is, small dip angles (less 
than 20°).  Finally, this technique can only be used to calculate depths beneath receiver 
points that have actually received refracted waves from both shots.  The refraction lines 
in this study were limited by the unexpected short length of reversed paths.    
 Another assumption made is that the refractor velocity (v2) is constant over the 
length of the refractor.  This is not always the case.  Varying lithology, as well as 
fractured areas can affect the velocity.  One method of determining the different 
velocities within a given refractor is the ‘mean-minus-t’ or MMT method (Parasnis, 
1997).  To better visualize how this method works, please see Figure 2.4.  If ta is the 
arrival time of a refracted wave at a receiver origination from one direction, and tb is the 
arrival time at that same receiver, but from the opposite direction, then the difference 
between those two times is obviously ∆t = tb – ta.  It can then be shown that 
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 ∆t/2 =( tb + ta)/2  - ta         (2.21) 
where the first term on the right is the mean arrival time, and the second term is the time 
itself.  If ∆t/2 is calculated for each receiver point that detects refracted waves from both 
shot directions, then those points can be plotted, preferably from any arbitrary reference 
time line.  The points can then be connected by straight line segments, the inverse slope 
of which is the refractor velocity for that section.  These velocities are important, as they 
play a large role in any refraction calculation.   
 
 
Figure 2.4   The MMT method is used to find refractor velocities.  Notice that the 
refractor velocities can only be calculated for the points located in between the two break 
points (from Parasnis, 1997).   
 
 
2.2  Procedure 
 Now that the general theories regarding shallow seismic reflection, ground 
penetrating radar, and seismic refraction have been presented, the methods and 
processing techniques applied in this study will be given.  As in the section before, the 
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SSR study will be presented first, followed by the GPR study, and then finally the 
shallow seismic refraction study.  All directions and distances given in the following 
procedures will use the reference point of 0 m (20 m in Figure 1.2) along the trench, 
facing upslope. 
 
2.2.1 Shallow Seismic Reflection 
 Of the three methods applied in this analysis, SSR involved the greatest care in 
field acquisition techniques, as well as the most processing time.  Although there has 
been an increased interest in this geophysical method within past ten years or so (Black et 
al., 1994; Baker et al., 1998; Baker et al., 1999; Ghose et al, 1998; Jefferson et al., 1998; 
Keiswetter and Steeples, 1995; Steeples et al., 1999), SSR still remains a difficult, time-
consuming technique for shallow applications.  This is due to the inherent difficulties in 
obtaining quality reflection data within the upper few meters, including: difficulties in 
generating and recording high frequency data; the heterogeneity of the near surface 
velocity structure; and the interference of surface, air, and shallow refracted waves with 
reflected arrivals.  However, certain things can be done to make the process as efficient 
as possible.  Many of these were implemented in this study.  For example, Steeples et al. 
(1999) improved the portability of a linear geophone array by attaching the array to a 
board.  This allows the array to be moved as a whole, as opposed to each geophone 
individually.  In this study, 1.27 cm (1/2 in) holes were drilled into a standard pine 2.44 
m (8 ft ) by 5.08 cm (2 in) by 2.54 cm (1 in) every 5 cm along the length of the board.  
The geophones where then placed every 5 cm for the first part of the line and every 10 
cm for the latter part. 
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 Another means of improving the shallow seismic survey was in the source design 
and usage.  Typical sources used in shallow seismic surveys include:  explosives (Dobrin, 
1976), projectiles (Steeples et al., 1999; Baker et al., 1999), portable vibrators (Ghose et 
al., 1998), and sledgehammers (Keiswetter and Steeples, 1994; Baker et al., 1997).  
Generally, the first three are preferred due to their ability to generate higher frequencies, 
which are critical in SSR surveys.  However, because the PMRW is located in the Panola 
State Conservation Park, the use of explosives and projectiles was not allowed, and 
because a vibrator system was not available, a home-made modified sledgehammer 
source, known as a rotational impact device (RID) was used. The RID source used in this 
study is based on the design of Keiswetter and Steeples (1994).  Essentially, a RID is a 
seismic source that uses gravity as a consistent mechanism for repeatable energy impacts 
(Keiswetter and Steeples, 1995).  The RID used in this study was not as advanced as the 
one used by Keiswetter and Steeples because it was not attached to an all terrain vehicle 
for easy transport, but its performance was not compromised by the design change.  The 
RID consisted of a 9.1 Kg (20 lb) sledgehammer with a 1 m handle, a 5 cm by 15 cm by 
1m (2in by 6 in by 39 in) board, two sturdy L brackets, and a 9.5*10
-3
 m (3/8 in) bolt.  To 
assemble the device, the two L brackets were bolted to the board.  Then, a hole slightly 
larger than the bolt was drilled 0.9 m down the handle from the center of the hammer.  
The bolt, which acted like an axel, was then inserted through one L bracket, through the 
sledgehammer, and then through the other L bracket, before being fastened by a nut.  The 
hammer could then be rotated to vertical and released.  The hammer was attached such 
that the head would impact orthogonal to the ground.  Thus, because the hammer was 
raised to the same height every shot, the impact energy should remain mostly constant.  
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Also, besides giving a repeatable source, this RID also greatly reduced the amount of 
energy expended by the surveyor per shot, thus allowing for more shots to be taken per 
survey.   
 According to Baker et al. (1997), optimizing the energy put into the ground is 
equally or more important to data quality than optimizing how the energy is collected 
coming out of the ground.  For this reason, other measures were also taken in attempt to 
obtain better quality data.  For example, Keiswetter and Steeples (1995) showed that 
larger hammer masses and plate areas increased the amount of seismic energy released in 
the ground by as much as 6 dB, as well as shifting the peak frequencies 40 Hz higher on 
average, without preferentially increasing the amount of surface waves generated.  
Because the use of explosive, projectile, or vibrator sources was not possible for this 
study, these suggestions were implemented in attempts to improve the results of the 
sledgehammer source.  The hammer used had a mass of 9.1 kg (20 lb).  A 6.4*10
-3
 m (1/4 
in) thick steel plate, with a radius of 0.3 m (approx. 1ft), resulting in a surface area of 
0.29 m
2
, was used as the impact surface in this survey.  To increase the portability of this 
plate, two U-bolts, one on each side, were fastened to the edges.  Finally, Baker et al. 
(1997) showed that sledgehammer surveys performed on wet or damp soil, generate 
higher frequencies than when performed on dry soil, because the plate couples better to 
the soil.  For this reason, the seismic survey was performed when the soil conditions were 
damp.   
 The shallow seismic reflection survey consisted of one transect taken 3 m upslope 
from the trench, using the acquisition system designed by Dr. Tim Long, sixteen 100 Hz 
geophones, the RID, and the plate described above.  The survey consisted of 72 shots, all 
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with a common offset of 0.35 m, taken over 24 stations, that is, 3 shots per station. All 
shots were examined, with the best quality (minimal ringing, no double bounce of 
hammer) shot gather being used for that station.  Typically, all three shots per station 
would be added, but the lack of consistency between shots permitted simple summation.  
In order to study the importance of geophone spacing and fold on the resolution, the 
survey was split into three parts.  The first section consisted of stations 1-4, which were 
located from 0 to1.95m along the line.  In this first section, the geophone spacing was 5 
cm and the shot spacing was 0.4 m, giving single fold coverage.  The second section 
consisted of stations 5-14, which were located from 1.60 to 3.25 m along the transect.  
Here, the geophone spacing was kept at 0.05 m, but the shot spacing was decreased to 
0.1m, giving 4 fold coverage.  The final section consisted of stations 15 – 24, which were 
located from 2.9 to 10.1m along the transect.  For this section, the geophone spacing was 
increased to 0.1 m and the shot spacing was increased to 0.8 m, once again giving single 
fold coverage.   
 The seismic reflection data was processed using a temporary license of Visual 
SUNT, a program designed by the Rockware company out of Golden, Colorado.  Visual 
SUNT is a windows-based version of Seismic Unix (SU), the seismic processing program 
designed by the Center for Wave Phenomenon at the Colorado School of Mines.  The 
process applied to the SSR data was as follows.  First, the files were converted from DAT 
files produced by the acquisition software into SU files.  Second, the shooting geometry 
and some of the acquisition parameters were entered into the SU data files. Third, the 384 
traces were appended into one large data file. Fourth, a band-pass filter was applied from 
350 Hz to 1200 Hz in order to suppress the surface waves.   Fifth, the amplitudes of the 
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traces were normalized using an AGC algorithm with a time window of 30 ms.  Sixth, a 
deconvolution routine was run in attempt to identify and remove multiples from the 
seismic record.  Seventh, the data were sorted by CDP number, and within the CDP, by 
offset.  Once the record was sorted, a 0-75 ms window was run on the data to remove the 
record later than 75 ms.  Because of the shallow depth being dealt with in this study, only 
the beginning part of the record was needed.  Next, the first 10 ms of the record was 
muted to avoid stacking first arrivals.  The next step in the process was to apply the 
normal-moveout (NMO) correction.  However, before this could be done, the moveout 
velocity had to be determined for the major reflector, in this case, the soil/bedrock 
interface.   Under normal circumstances, this would not pose a problem, but because the 
largest CDP gather only had 4 points, the moveout was not accurately defined.  The 
analysis resorted to a process of trial and error, and from that process, it was determined 
that the best moveout velocities were 1000 m/s at 13 ms and 5000 m/s at 30 ms.  Using 
those values, the NMO correction was applied, and the data was then stacked.  After 
stacking the data, another band pass (600-1000) filter was applied and a predictive 
deconvolution routine was applied.  Finally, all amplitudes less than 10% of the 




  The GPR system used in this study was a Mala Geoscience Ramac system, which 
included the CU2 control unit, the 250 MHz shielded antenna, measuring wheel, and 
corresponding monitor.  The GPR survey performed at the trenched hillslope site 
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consisted of four, southwest to northeast transects, each parallel to the trench, with three 
being upslope, and one down-slope (Figure 1.7) from the trench.  The locations of these 
transects along the hillslope were determined by finding lines with a clear line of sight.  
Once the system was all connected, the necessary parameters such as time window and 
sampling frequency were entered into the monitor, recording was started, and the antenna 
was dragged along the length of the transect.  On completion of all four transects, the data 
were processed using a processing software developed by Mala Geosciences, called Rad 
Explorer.  The processing routine was a standard one for typical GPR data.  First, the DC 
offset was removed, deleting the constant component of the signal in the data.  Next, an 
automatic gain control (AGC) routine was run, increasing amplification by equalizing the 
amplitudes within a time window which was best determined to be (30 ns), for each trace.  
This allowed some of the deeper reflections to be seen.  Then, the background noise of 
the traces was cancelled by removing the average amplitude within a running window.  
At this point in the data reduction, the air/soil interface was clearly discernable, so the 
time was adjusted, setting the zero mark to the air/soil interface.  Next, a band pass filter 
was applied, increasing the signal/noise ratio. Then, a Stolt F-K Migration routine was 
applied.  This is the migration algorithm created by Stolt, used in the frequency (F) and 
wavenumber (K) domain.  This algorithm reduces diffraction hyperbolas down to a single 
point.  Finally, the velocities in the soil and bedrock were calculated by fitting diffraction 
hyperbolas in each medium.  Once the velocities were determined, a depth model could 
be created by applying the previously determined velocities to the soil and bedrock layers 




2.2.3 Shallow Seismic Refraction 
 The shallow seismic refraction consisted of two common shot point (CSP) 
surveys, one taken along Transect 2 and one taken along Transect 3.  In both surveys, the 
Geometrix Smart Seis S12 was used, along with the corresponding twelve, 40 Hz 
geophones.  The source used was the rotational impact device 
The survey along Transect 2 consisted of 24 shots, 12 in each direction.  The 
geophones were spaced every 0.1 m, giving an array length of 1.1 m.  The geophone line 
was moved after each shot with a spacing of 1.2m, giving a geophone every 0.1 m along 
the total length of the transect.  Shots 1 – 12 were conducted left to right, starting at 2 m 
and going to 16 m.  The shot point was located at 1 m for each shot.  Shots 13-24 were 
conducted right-to-left, starting at 16 m and going to 2 m.  The shot point was located at 
17 m for each shot. 
  Transect 3 consisted of 31 shots: 15 left-to-right (SW to NE) and 16 right-to-left 
(NE to SW).  The left-to-right section consisted of two lines.  The first line consisted of 9 
shots, and went from 5.6 m to 16.3 m.  The source offset was -1m, so the shot point was 
located at 4.6 m.  The second line consisted of 6 shots, with geophones starting at 9.1 m 
and going to 16.2 m.  The source offset was -0.5m, so the source was located at 8.6 m.   
The right-to-left section consisted of two lines as well.  The first line consisted of 9 shots, 
starting at 16.3 m and going to 5.6 m.  The source offset was +1 m, so the source point 
was at 17.3 m. The second line was made up of 7 shots, beginning at 16.2 m and going to 
0.1 m.  The source offset was +0.5 m, so the source as located at 16.7 m.   
 Once the data were taken and appended into one file, the geometry was entered 
and the data were filtered (100-650 Hz and 300-800 Hz).  Then the first breaks were 
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picked and plotted versus offset.  This allowed the velocities to be calculated.  Finally, 
based on the measured velocities, the average and the maximum critical angles were 
determined using Equation 2.16, and the time delay method was applied (Equations 2.19 

























 This study addressed the ability of seismic reflection to first, detect fractures at 
very shallow depths, and second, use the fractures and topography to identify the path of 
water down the slope.  The resolution of the SSR is evaluated by a comparison with data 
from the other field techniques.  Within each section, several issues will be discussed, 
including whether the geophysical method was able to image the hidden fracture zones in 
the bedrock, whether the resolution of the survey was sufficient, and whether the profiles 
compare favorably to what is known from the ground truth.    
 
3.1 Shallow Seismic Reflection (SSR) 
 The SSR survey was processed as a profile.  The profile indicated some of the 
structures suggested by the supplemental techniques.  However, significant attention to 
details in data acquisition was required to obtain usable results.  Care is needed in laying 
out geophones, to make sure they are all tightly coupled to the ground and recording 
usable data.  The spacing between them must be sufficiently small to correlate phases on 
adjacent traces and to obtain the desired resolution.  Care is also needed in obtaining 
appropriate signals from the source, that is, making sure that the source signal is clean. 
For example, care is needed in avoiding a double strike of the hammer or a ringing 
record. The best shot for each station was chosen, based on these factors. The principal 
deficiency in this survey is likely related to using a maximum fold of 4, resulting in a 
maximum increase of 200% in the signal/noise ratio.  
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 The seismic profile for Transect 3 can be seen in Figures 3.1-3.4.  Though few 
reflectors are apparent, two main features, the soil/bedrock interface and the main 
fracture zone, can just be distinguished.  In Figures 3.2 and 3.4, the top of the bedrock 
comes up from 5.5 to 7 m towards the surface, then beyond 7 m it gently slopes down, 
before flattening out.  In contrast, the main fracture zone, begins flat, before gently 
sloping up to meet the soil/bedrock interface at 15 m.  This same structure can be seen in 
the corresponding reflectors in the GPR image of Transect 3 (Figures 3.7 and 3.8). The 
fractures are referred to fracture zones, because in nature, fractures rarely occur 
singularly, but rather in groupings. This will be discussed in more detail in the following 
chapter.  In Figure 3.2, it can clearly be seen that these reflectors have the highest 
amplitudes from 5.5 -9.5 m along the profile.  This area corresponds to the closest 
geophone spacing (5 cm) and highest fold (4) data. Although the maximum coherent 
amplitude is only 2 times greater than the noise, these a higher amplitude arrivals can be 


















Figure 3.2 Bitmap image of the completely processed and stacked SSR profile.  It is 
easier to see the reflectors in this image than in the standard print section (Figures 3.3 and 
3.4).  Notice the shallow, high amplitude area close to 11.5.  This is close to the object 








Figure 3.3.a A standard print section of the SSR profile.  Note the zones of higher 
amplitude coherence.  By comparing this image to Figure 3.6, one can make out the 
soil/bedrock interface and the main fracture zone.  The horizontal axis is the CDP 




Figure 3.3.b A standard print section of the SSR profile.  Here, lines have been drawn in 
where the reflectors should be.   
 
 
Main Fracture Zone 
Soil/Bedrock Interface 
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  Resolution in seismic reflection data is the minimum arrival time difference 
needed to differentiate two reflectors.  The vertical resolution in seismic surveys is 
generally obtained by using the quarter wavelength approximation (Baker et al., 1999).  
This states that the minimum vertical resolution is proportional to one-fourth the 
wavelength of the seismic wave in the medium.  The wavelength is related to the velocity 
and frequency of that medium. 
   v = fλ             (3.1) 
Thus, if the velocity is known for a given medium, as well as the dominant frequency, the 
wavelength can determined, thus giving the vertical resolution. The dominant frequency 
of reflection in this study, was determined by measuring a period of 4m/s (f = 250 Hz) on 
the soil/bedrock reflector at 13 ms in Figures 3.4 and 3.5.  Then using the mean soil 
velocity of 428 m/s and an average bedrock velocity of 1410 m/s (both values determined 
through the refraction survey, which will be discussed later), then the wavelength in the 
soil is 1.7 m and 5.6 m in the bedrock.  If the quarter-wavelength is indeed a good 
approximation of vertical resolution (Baker et al., 1999), then the vertical resolution is 
0.4 m in the soil and 1.4 m in the bedrock. Compared to standard production reflection 
surveys (Dobrin, 1976), the values in the soil are 1900 - 3800 % smaller than the 7.5-15 
m obtained, but are 200-400 % larger than the 0.1-0.2 m obtained in other SSR surveys 
conducted (Baker et al., 1999; Baker et al., 2001).  When the seismic source generates a 
pulse, the wave does not reflect off a singular point on the reflector, but from a small area 
known as the footprint.  The footprint, which expands over time, can be approximated as 
a circle of radius a, with the point of incidence at the center.  This radius, which is given 
by Equation 3.2, is the lateral resolution (Elachi, 1987). 
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 a = [v(t/fc)
1/2
]/2          (3.2) 
Using Equation 3.2 to solve for the lateral resolution gives a value of 1.2 m at 10 ms in 
the soil, and 9.5 m at 45 ms in the bedrock.  While this resolution would be quite 
acceptable for a standard prospecting transect that is 5000 m long, it is poor for the much 
smaller scale encountered in SSR surveys.  For instance, the SSR profile obtained in this 
survey is only 10 m long, so the ratio of the lateral resolution to length of the profile is 
0.12 for the soil and 0.95 for the bedrock.  This explains the lack of clarity in the seismic 
profile.  However, because there is amplitude coherence in the same pattern as those 
zones found in the GPR image of Transect 3 (Figures 3.6 and 3.7), it can be said that SSR 





Figure 3.4 A CSP survey for Transect 2 filtered with a 100-650 Hz band pass filter.  





Figure 3.5 The same CSP survey of Transect 2, but this figure was filtered with a 300-
800 Hz band pass filter.  The backscattering around trace 80 (8.5 m actual) are due to 
lateral heterogeneities such as a boulder.  This corresponds to the bedrock surface 
roughness and the diffraction hyperbola remnants seen between 8 and 8.5 m (actual 





Figure 3.6 A GPR image of Transect 3 in grey scale format (3 m upslope from trench).  
The soil/bedrock interface is visible at about 1.0 m, as converted using the velocity model 
determined.  Some likely planar fracture zones are indicated.  Note how the main fracture  
zone intersects the top of the bedrock at 14.5 m along the transect at 1m converted depth.  
The bright spot labeled H1, is a diffraction hyperbola that has been compressed down to a 
singular point at the apex using Stolt F-K migration (possibly a boulder). Also, the actual 
transect runs from 5.5 m-15.5 m.  
 
 
Main Fracture Zone 
= possible erosional remnant 
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The ground truth included two knocking pole surveys.  The first was obtained in 
1998 by Zumbhul, and the second conducted specifically for this study (Figures 1.2-1.5, 
Tables 1.1 and 1.2).  The knocking pole surveys determine the depth to bedrock by 
pounding a steel rod until refusal.  The depths to bedrock from the knocking pole survey 
were found to be shallower than the times converted to depths for points on the 
interpreted soil/bedrock interface, from the SSR profile (Figure 3.8).  Using the mean 
velocities determined from the refraction study (428 m/s for the soil and 1410 m/s for the 
rock), results in points on a profile that are 2 to 12 times deeper than those determined in 
the knocking pole survey (Figures 1.6).  Because these differences varied in proportion to 
depth (Figure 3.9), the inconsistency is attributed to incorrect velocity values. In the soil, 
it could be due to lateral velocity inhomogeneities from boulders or tree roots, speeding 
up the apparent velocity of the soil, which is an average over the entire length of the 
transect.  For instance, if the boulders are detached pieces of the Panola granite (5500 – 
6300 m/s) in the soil (375 – 481 m/s), then for the width of the boulder, the P wave would 
Main Fracture Zone 
= possible erosional remnant 
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be traveling anywhere from 11 – 17 times faster than in the rest of the soil.  The strong 
heterogeneity makes the determination of velocity highly variable along the path, 
resulting in incorrect depths.  Of course, another possibility is that knocking pole survey 
could represent some of these shallower rocks, giving a false indication of the depth of 
weathering.  
 




















SSR Profile, 3 m Upslope
 
Figure 3.8 A depth profile of the SSR survey, converted using the soil velocity 

































Linear (Differences with Depth)
 
Figure 3.9 Offset versus depth between the SSR and knocking pole surveys. The  
increase in vertical offset with depth suggests incorrectly determined velocity values.  
 
3.2 Ground-Penetrating Radar  
 The GPR survey imaged the main fracture zone (Figures 3.6 and 3.7, 3.10-3.15) 
and some of the smaller horizontal fracture zones as well.  Also, the GPR located the 
soil/bedrock interface on each of the four transects (Figures 3.6 and 3.7, Figures 3.10-
3.15), including the weathered areas.  The interfaces imaged in the GPR profile of 
Transect 3 were similar to those obtained in the SSR survey (compare Figure 3.7 to 
Figure 3.2).  Likewise, the soil/bedrock interface was nearly identical in shape to the 
results of the knocking pole survey of Transect 3 (Figure 1.6), deviating in depth only by 




Figure 3.10 A GPR image of Transect 1 (20 m upslope from trench) in grey scale format.  
The soil/bedrock interface is clearly visible, as well as several planar fracture zones.  The 
bright spots labeled H1, H2, and H3 are diffraction hyperbolas that have been 
compressed down to a singular point at the apex using Stolt F-K migration.  The actual 




Figure 3.11 A GPR image of Transect1 (20 m upslope from trench) in variable amplitude 
format.   
 
 
Main Fracture Zone 
Main Fracture Zone 
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Figure 3.12 A GPR image of Transect 2 (11.4 m upslope from trench) in grey scale 
format.  The soil/bedrock interface are clearly visible, as well as several planar fracture 
zones. One of these zones intersects the soil/bedrock interface at 1 m depth.  This transect 
was taken almost exactly where the Bromide line tracer was released (11m upslope from 
trench).  The bright spot labeled H1 is a diffraction hyperbolas that have been 
compressed down about the apex using Stolt F-K migration. The remnants of several 
other diffraction hyperbolas, caused by several wires on the ground, can also be seen. The 




Figure 3.13 A GPR image of Transect 2 (11.4 m upslope from trench) in variable 
amplitude format.   
 
 
Main Fracture Zone 
Main Fracture Zone 
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Figure 3.14 A GPR image of Transect 4 (4 m down slope from trench) in grey scale 
format. One will notice that the soil/bedrock interface is not as clearly defined as in the 
previous three profiles.  The fuzzy area could be a highly weathered zone.  However, 
despite this, the major fracture zone can still be seen.  The remnants of diffraction 
hyperbolas can still be seen due to surface wires. This transect is laterally correct. 
 
 
Figure 3.15 A GPR image of Transect (4 m down slope from trench) in variable 
amplitude format.  
 
 
The dielectric constants of the two media were found using a diffraction  
Main Fracture Zone 
Main Fracture Zone 
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hyperbola fitting routine in Rad Explorer.  The dielectric values calculated by the routine 
were Ks = 8 for the soil and Kbr = 14 for the bedrock. These values fall into the range of 
values for soil and granite given in Clark (1966).  Their position within these ranges will 
be discussed in the following chapter.  Using Equation 2.11, these values gave velocities 
of 1.0*10
8
 m/s for the soil and 8.0*10
7
 m/s for the bedrock.  These velocity values, along 




 Hz) can then be used to determine 
the lateral and vertical resolution.  In GPR surveys, ½ wavelength approximation is used 
for the vertical resolution (Parasnis, 1997).  By using Equation 3.1 to determine the 
wavelength, the vertical resolution is determined to be 0.2 m in the soil and 0.16 m in the 
bedrock.  Equation 3.2 is used to calculate a lateral resolution. At a time of 10 ns in the 
soil, the lateral resolution is 0.32 m, whereas at 45 ns in the bedrock, the resolution is 
0.54 m. Thus, for Transect 3, which has a length of 10 m, the ratio of the lateral 
resolution to length of the profile is 3.2% for the soil and 5.4% for the bedrock.    
 The knocking pole survey estimated depths were used to compare against the 
GPR depth estimates.  According to Equation 3.2, the GPR was able to image the 
structure of the interface, with about 200% finer lateral resolution than the knocking pole 
survey conducted for this study (0.5 -1.0 m) and 625% finer than the Zumbuhl (1998) 
survey (2 m). However, once again the depths calculated from the velocity model 
differed from the actual values determined from the knocking pole survey along 
Transects 2 and 3.  On Transect 2 (Figures 1.5 and 3.12), the GPR depths were an 
average of 0.34 m too deep.  On Transect 3 (Figures 1.6 and 3.6), the GPR depths were 
0.11 m too deep on average.  This could be the result of several things.  First, the zero 
time might have been set incorrectly. This would cause a time shift, which would add a 
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constant to the depths.  Second, the radar velocities could be incorrectly determined.   
Because there was interference between the reflected and diffracted waves, the diffraction 
hyperbolas were slightly distorted.  By plotting the depth to bedrock from the GPR 
against the depth to bedrock from the knocking pole surveys (Figure 3.16), one can see 
that there is not a uniform increase in the difference with depth as with the SSR survey.  
For this reason, this deviation from the known values was interpreted as an incorrectly 
chosen time zero, or a combination of that and an incorrect radar velocity for the soil.  
Still, despite this issue, it is apparent that ground penetrating radar can image the bedrock 
and some fracture zones.  
  




























3.3  Shallow Seismic Refraction 
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 Although shallow seismic refraction is not appropriate for imaging fracture zones, 
it is able to generate an image of the bedrock topography for a 4m section of Transect 2 
(Figure 3.17).  Also, the common shot point (CSP) surveys taken of Transects 2 and 3 
allowed a velocity value to be calculated for both the soil and the bedrock.  After plotting 
the first arrival times versus offsets for these surveys (Figure 3.18 and 3.19), a linear 
regression analysis was run on the data points corresponding to the lower velocity layer 
and another on those corresponding to the faster layer, for each transect.  From that 
analysis, the best-fit soil and bedrock velocities from those transects were then averaged, 
and their standard deviations calculated.  Through this process, the average velocity value 
for the soil was 428±  53 m/s.  Likewise, the average velocity calculated for the bedrock 
was 1410± 337 m/s.  
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Depth to Bedrock for Average Critical Angle = 18 deg.
Depth to Bedrock For Maximum Critical Angle = 27 deg
Figure 3.17 Computation of the soil-bedrock interface for Transect 2 from the Delay 
Time Method.  The horizontal axis is distance from the beginning of the trench.  One can 
compare this to the GPR image of Transect 2 in Figure 3.13 and see they are very similar.  
The mean vertical offset between the two models is 5 cm.  These are the refraction depth 
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Figure 3.18 First arrival times are plotted versus offset for Transect 2. One will notice a 
clear point where the slopes of the lines change.  This is the critical point (xc).  The 
steeper slope is the direct wave, the inverse of which is the velocity of the upper layer, in 
this case, the soil.  The shallower slope is the refracted wave, the inverse of which is the 
velocity of the bottom layer. 
 


























Major R to L
Major L to R
Minor L to R
Minor R to L
Figure 3.19 First arrival times are plotted versus offset for Transect 3. The travel times 
and offsets were averaged to decrease the variability. The critical points are obvious, but 
because they overlap, the Time Delay Method could not be used to generate an image of 
the soil/bedrock interface (in text).   
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  The soil exhibits a slow velocity because it is a loosely packed, sandy, colluvial 
loam (Zumbuhl, 1998) giving it a lower density and even lower elastic constants.  Also, it 
is overlain by a 0.15 m thick layer of humus, which would slow down the mean velocity.  
The measured value for the bedrock is also slow, more than likely because the refraction 
from the deeper bedrock surface was not observed.  The observed velocity is most likely 
from a thick layer of either saprolite or water-saturated soil directly on top of the bedrock. 
We know the velocity of the hard rock should be 4900 to 6100 m/s, significantly greater 
than the measured 1410 m/s, and not fast enough to be sedimentary, non-ripable rock at 
2400m/s (Touloukian and Ho, 1981).  If the layer is composed of saprolite, then this is in 
direct contradiction to Burns et al.(2003) who said that there was no saprolite in  this 
area.  One possibility is that this area has a  hidden thick saprolite weathered zone, but 
this is unlikely considering the lack of saprolite seen on the outcrops.  It is also unlikely, 
because the weathering front moves very slowly in the Panola granite (at only 7 m per 
million years) (White et al., 2001).  The more likely possibility, is that the observed P-
waves were actually refracted from a thin saturated zone directly on top of the bedrock. 
This possibility is consistent with the pre-determined velocity (1410± 337 m/s) , which is 
very similar to the velocity of water, which is approximately 1500 m/s.  However, by 
comparing the 7 - 11.4 m section of the GPR profile of Transect 2 (Figure 3.12) to the 
image of bedrock topography (Figure 3.17), one can see that they are nearly identical in 
structure.  This implies that the thin saturated layer closely follows the bedrock 
topography.  This fact is consistent with Freer et al. (2002).  Another possibility is that 
the interface between the high-velocity rock and the soil/saprolite is too irregular to 
support propagation of a high-speed refracted wave.  The refracted wave in the 
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unweathered Panola granite is likely highly scattered and without sufficient amplitude to 
be observed at the surface.  
The bedrock topography calculated from the time-delay method (Figure 3.17) 
matches the ground truth in shape, except once again, for the magnitude of the depths.  
The depths calculated by the Delay Time Method (Equations 2.19 and 2.20) are deeper 
than the knocking pole values (Figure 1.4) by 0.09-1.4 m.  Because the offset between the 
calculated values and the actual value from the knocking pole survey varies continuously 
with depth (Figure 3.20), this discrepancy is probably due to velocity that is too fast.  
Figure 3.18 shows the values determined for two different critical angles.  One can see 
that there is very little difference between the two (the mean offset is 5 cm), because 
Equation 2.20 is mostly controlled by the velocity of the upper layer.   
  






































Figure 3.20 The difference between the knocking pole survey and the profile determined 
from the Delay Time Method.  Although there is an offset between point 2 and point 3, 
the increasing difference with depth trend is clear. 
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The results of this study are summarized in Table 3.1.  Both the SSR and the GPR 
were able to provide images of the fractures, but the GPR had higher resolution.  The 
next chapter will discuss the results in greater detail, specifically the velocity values 
determined, and the relationship between the features identified and the hidden hydraulic 
pathways originally mentioned.   
 

























SSR 428 1410 Yes Yes 0.4-1.4 1.2 9.5 
GPR 1.0 E8 8.0 E7 Yes Yes 0.16-0.2 0.32 0.54 
Shallow 
Seismic 














 Chapter 4 
Discussion 
 
From the previous section, there are two issues that require further discussion .  
The first concerns the differences in depth determination, most likely due to the 
uncertainty in the velocities.  The second concerns the association between the 
interpretations of structure and hidden hydraulic fractures.   
The interpretations of depth differed significantly among the SSR, GPR, seismic 
refraction, and knocking pole surveys.   For the GPR profiles, the vertical offset was 
mostly constant with depth, indicating a misplacement of the zero reference time.  
However, for the seismic profiles, the differences in depths were determined to be due to 
systematic differences between reflection and refraction velocity values.   
 The seismic velocity of the soil was determined to be slow, 428± 28 m/s.  This 
soil was described to be a loosely packed, sandy, colluvial loam; overlain by an average 
layer of 0.15 m humus (Zumbuhl, 1998; Tromp-van Meerveld, 1998).  The speed of 
sound in air at (1atm), at 20°C is 343 m/s (Haliday, Resnick, and Walker, 1997).  Thus, it 
is implied that a soil having a velocity 88-116 m/s faster than the acoustic wave in air 
would consist of very loose particles, surrounded by air.  This is descriptive of the humus 
layer. In reality, acoustic velocities for sediments similar to those encountered in this 
study were actually slower than the speed of sound, ranging from 130 -300 m/s (Baker et 
al., 1999).  However, the soil was damp during the surveys performed in this study, 
which would increase the seismic velocity in slow soils.  This dampness is consistent 
with the GPR data. For the GPR survey, the dielectric constant of the soil (Ks) was found 
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to be equal to 8, resulting in an EM velocity of 1.0*10
8
 m/s.  According to Clark (1996), 
the dielectric constant of a dry, loamy soil is only 2.6.  However, for a soil that is 32% 
saturated, Ks is 7.93.  So, a slow, loamy soil that is partially saturated, averaged with a 
thin, loosely packed layer of humus, would give a soil velocity similar to the one 
determined.  
 The bedrock velocity determined from the seismic refraction survey was 
1410± 337 m/s.  This velocity is much too slow, even for fractured granite.  The 
explanation given was that the refracting layer observed was actually a thin, saturated 
layer of soil, directly on top of the bedrock.  The acoustic velocity of water at sea level 
with a temperature of 20°C is 1460 m/s (Haliday, Resnick, and Walker, 1997).  This is 
very similar to the actual value, implying the refractor is indeed, a saturated layer.  
Unfortunately, this means that the true P-wave velocity of the bedrock was not 
determined.   Perhaps too little energy penetrated into the high velocity refractor.  
However, the EM velocity of the bedrock was determined. Using the determined 
dielectric constant (Kbr) of 14, the velocity was calculated to be 8.0*10
7
 m/s.  According 
to Clark (1966), the range of dielectric constants for granite is 4.8 – 18.9, resulting in an 




.  Because the dielectric constant of water is equal 
to 80, that implies that the higher the water content within the rock, the higher the 
dielectric constant, and the slower the EM velocity.  Because the granite is said to contain 
fractures that transmit fluid (Tromp-van Meerveld, in review), the radar velocity 
calculated is quite reasonable.  This velocity value helps confirm the existence of 
fractures in the Panola granite beneath the trenched hillslope study site. 
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 The second issue is the relation between the interpretations in this study and the 
hidden fractures at the PMRW.  The main objective of this thesis was to determine if SSR 
can be applied to locate fractures.  Within the bedrock, the four GPR profiles showed 
horizontal reflecting features that extend the entire length of the profile, as well as several 
smaller horizontal discontinuities that extend half of the length.  The SSR profile of 
Transect 3 shows two bands of higher amplitude arrivals in the same areas as the 
corresponding GPR profile.  The upper band of high amplitudes is interpreted as the soil/ 
bedrock interface.  The lower band is the proposed fracture zone.  However, without 
direct observation, it is impossible to say for sure that these features are fracture zones.  
There are several factors that suggest that they are fractures.  First, while other types of 
lateral heterogeneities can give reflections, they would not produce a full-length 
reflection, as a fracture would.  Second, the EM velocity of the bedrock implies that these 
are fractures.  Finally, fractures can be seen at the surface on the adjacent outcrop, so it is 
probable that there are fractures below the surface of the test site as well.  These three 
factors imply that the reflectors in the bedrock imaged by the SSR and GPR techniques, 
are fracture zones.   
Given that the SSR and GPR techniques imaged the fractures, several points can 
be made.  The first relates to fracture genesis. By observing the slabs separated from the 
outcrops, the predominant form of fracturing in the Panola granite is exfoliation.  This is 
consistent with the nearly planar, gently sloping radar images of Profiles 2, 3, and 4 
(Figures 3.6 and 3.7, Figures 3.12 – 3.15), but not with the irregular, steeply sloping 
fracture of Profile 1 (Figures 3.10 and 3.11).  Although a definite solution to the irregular 
shape of Profile 1 is not available at this time, it could be related to a thermal issue, such 
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as the repetitive diurnal thermal expansion and contractive cooling, or maybe it could be 
due to frost wedging.   However, regardless of how the fractures were formed, they were 
imaged. The second point relates to how the fractures were imaged.  On all of the radar 
profiles, the reflectors said to be fractures all have at least two reflecting interfaces.  
These interfaces could be the top and the bottom of the fracture, or they could be two 
fractures in a zone of fractures.  In the previous section, it was determined that the 
vertical resolution of the GPR was 0.16 m in the bedrock.  This means that for the main 
reflections seen in the profiles to be considered one fracture, there must be a separation, 
or void, of 16 cm between fracture surfaces in the bedrock.  While some exfoliation joints 
seen on the surface exhibit separations that are close to this thickness, it is unlikely that 
the fracture openings are that large.  One reason for this unlikelihood, is the amount of 
fluid being measured in the bedrock.  Tromp van Meerveld et al. (in review), measured a 
hydraulic conductivity of 120 m per year in their Lithium - Bromide line tracer 
experiment.  While this is much faster than the 7 m per million years determined by 
White et al. (2001) in their evaluation of Panola granite cores, it is not even close to the 
meters per second of flow that would occur through a 16 cm fracture, unless it was filled 
with weathered rock.  It seems more likely that the second reflecting interface seen in the 
GPR profiles is actually due to a completely different fracture.  If a 0.2 m thick section of 
bedrock had several fractures in it at least 0.16 m apart, two reflections would be 
generated the same as one very large fracture.  For this reason, the fractures in this study 
have been referred to as “fracture zones.”  Finally, given that the fractures do indeed 
exist, and that they transmit fluid making them very important to the total hydrology of 
the study site, one might ask how the fractures access the water in the overlying soils? 
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One potential method is through vertical fractures from the soil/bedrock interface down 
to the horizontal fracture zones.  Although no vertical fractures were imaged by any of 
the techniques used in this study, it does not mean that they are not there.  However, what 
was imaged in this study, were lateral fracture zones gently slope towards the top of the 
bedrock, a characteristic of exfoliation joints. On the far left side (0.5 m) of the GPR 
profile of Transect 2 (Figure 3.12), the uppermost fracture zone is seen to intersect the 
top of the bedrock.  Similarly, the SSR and GPR images of Transect 3 (Figure 3.2 and 
3.6) show the shallowest fracture zone sloping up towards the bedrock surface, and 
potentially intersecting it at 15.5 m. The same can be seen at the end of Transect 4 
(Figure 3.14).  From these images, it is believed that the fluid infiltrates the bedrock 
through these zones.   
Thus, based on the discussion given above, it should be clear that hidden 
hydraulic pathways do exist at the trenched hillslope site of the PMRW in the form of 
horizontal exfoliation fracture zones.  From the data, it is apparent that GPR is a good 
tool for imaging these zones.  However, if care is taken to insure the high frequency 
content of source energy, as well as maintaining small (5-10 cm) geophone spacing and 
higher fold (4 or greater), then SSR can also be a useful technique for imaging the 







Chapter 5  
Conclusion 
 
 This thesis has examined the application of shallow seismic reflection to a 
problem of locating fluid pathways in a hillslope.  From this examination, several things 
can be concluded.  First, that fractures are indeed present within the bedrock at the 
trenched hill-slope site of the Panola Mountain Research Watershed, and that they can be 
imaged using geophysical methods, specific to this study, ground penetrating radar. All 
four of the GPR profiles imaged a main fractures zone that extended across the entire 
length of the profile, as well as several of the smaller ones.  The SSR survey of Transect 
3 also imaged something where the main fracture zone was seen in the corresponding 
GPR profile.   
The second conclusion, is that in SSR studies attempting to image fractures, GPR 
proves to be a better supplementary tool than shallow seismic refraction.  Although 
seismic refraction was able to give a detailed image of the soil/bedrock interface for a 
portion of Transect 2, the refracted waves from the deeper, high-velocity layers could not 
be detected.  This could be due to the smaller energy and lower frequency-generating 
source used, as well as the extreme velocity gradient.  Had the transect been longer and 
had a more powerful source (or just one with the potential to generate higher frequencies) 
been available, deeper images might have been possible with this technique. 
Finally, it can be concluded that more geophysical work; such as the GPR and 
SSR work done in this study, as well as other geophysical methods like borehole studies 
and electrical resistivity; should be done at the study site to better map the hidden 
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hydraulic pathways.  A complete SSR survey could be conducted along all four transects, 
using a geophone spacing of 5 cm to get 400% coverage or greater.  However, should this 
survey be planned, a higher frequency source must be used.  Planned by these 
specifications, the survey would be successful in imaging the fractures.  Another study 
that could be done, is comparing the reflection amplitudes of fractures imaged from GPR 
profiles using different polarizations.  A 250 MHz antenna would be sufficient for this 
proposed study. This is done to determine the strike direction of the individual fractures 
(Seol et al., 2001).  Also, a single borehole study could be performed along one transect 
to directly confirm fracture location and determine fracture density for the site, as well as 
providing direct measurements of the velocities.  Because bedrock has a high resistivity, 
the conductive fluid pathways within the rock should be easy to detect.  
These four studies, combined with the correct topographic data, could then be 
used to generate a 3-D map of the fracture network at this site. These suggestions are just 
a few of the numerous possible studies that could be conducted in the future.  However, 
for the present, it is sufficient to see that geophysical methods, including SSR if done 
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